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We investigated the potential to melt crystallize amorphous Si thin films on glass with
electromagnetic irradiation at 13.56MHz, 2.45GHz, and 110GHz, respectively. We showed that
the melt crystallization of millimeter-wave annealing could be an ideal choice for achieving high-
quality semiconductor thin films with thickness in the micron range. In particular, silicon pillars
with large ultra-high crystalline quality grains were experimentally realized by millimeter-wave
annealing amorphous silicon on glass. Our simulation results were consistent with the experimental
ones. Such understandings may enable us to prepare high-quality thin films on inexpensive
substrates for solar cells and other solid-state devices. VC 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4794085]
High-quality polycrystalline silicon (poly-Si) thin films
on inexpensive foreign substrates have many potential appli-
cations, especially for high-performance solar cells and high-
mobility thin-film Si transistors.1 However, it has been
shown to be extremely challenging to grow high-quality
poly-Si on those substrates such as glass, plastic, and stain-
less steel.2 One major issue is that inexpensive substrates
generally cannot be processed under high temperatures
(>600 C). Low-temperature, long-time solid-phase crystal-
lization (SPC) of amorphous Si (a-Si) is often used to pre-
pare poly-Si films that in general contain either intolerantly
high levels of intragrain defects or impurities.3 It is well
known that silicon crystallized from the liquid melt has high
crystalline quality, for example, in the case of silicon wafers
prepared with the Czochralski (CZ) growth process.4
Although laser annealing has been extensively studied in
melt crystallizing a-Si, there are still some issues that include
the difficulty in precisely controlling material characteristics
with this technology.5 So it is worth exploring new annealing
approaches. Ideally, the energy absorption during annealing
should be limited to the thin film with minimum absorption
in the substrate, and the energy transfer rates from the radia-
tion source to the Si film should be very high. In this study,
we showed that millimeter-wave pulse annealing on milli-
second time scales could be an ideal choice to meet these cri-
teria, with advantages over traditional centimeter-wave for
material processing.6,7
A 2-lm thick a-Si thin film was deposited onto a glass
substrate (Fig. 1(a)). The substrate was coated with a SiO2
barrier layer (radiation transparent) of 100 nm before the
deposition of a-Si. SiO2 was also used as the capping layer
(200 nm). Samples were first annealed at 540 C to remove
H from the a-Si, while not crystallizing the a-Si. The sample
was then put in a vacuum chamber to be melt crystallized
with electromagnetic radiation. The experimental setup of the
radiation annealing is shown schematically in Fig. 1(b). The
sample was illuminated with a radiation source at a certain
power density. An optical pyrometer was used to monitor the
sample temperature by detecting the radiation in the optical or
near-infrared spectrum from the sample. We experimentally
studied samples illuminated on an area of 1 cm2 with
110-GHz radiation single pulse from a 1-MW gyrotron.8,9
The power density at the sample was 40 kW/cm2. Typical
pulse lengths were 1–8.5 ms in duration. More experimental
details can be found elsewhere.8,10 Calculations on the interac-
tion between the radiation and thin films at three typical fre-
quencies (13.56 MHz, 2.45GHz, and 110GHz) were carried
out, respectively, with the computational software program
MATHEMATICA
VR
.
The experimental results of a-Si samples annealed with
110GHz millimeter wave are shown in Fig. 2. Fig. 2(a)
shows the scanning electron microscopy (SEM) image of a
typical post-annealed Si film taken at a tilt angle of 52 for a
better 3D view. Most pillars appear to be bare silicon
(uncovered), whereas others are coated with the capping
SiO2 film (covered). High-magnification SEM images taken
from uncovered and covered pillar regions are depicted in
Figs. 2(b) and 2(c), respectively. During the short single-
pulse anneals, the a-Si film melted (its melting point is in the
FIG. 1. Electromagnetic radiation annealing of a-Si on SiO2/glass.
(a) Schematic of the sample structure before annealing. (b) Schematic of the
experimental setup of the radiation annealing.
a)Author to whom correspondence should be addressed. Electronic mail:
fordliu@hku.hk.
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range of 10001450 C) and formed crystalline silicon
(c-Si). The melted film balled up on the glass substrate, and
silicon pillars crystallized from the liquid melt. A typical
cross-sectional transmission electron microscopy (TEM)
image of a specimen sectioned from a pillar is shown in
Fig. 2(d). These pillars are usually composed of 14 large
grains (with grain size up to 20 lm). In addition, the grains
have ultra-high crystalline quality with only R3 h111i twins
observed mainly close to the substrate, and the grain bounda-
ries (and growth direction) are perpendicular to the substrate
surface, as indicated by the dashed lines and arrows, respec-
tively. In the following, we investigate the interaction of
radiation with intrinsic Si at 13.56MHz, 2.45GHz, and
110GHz, respectively.
The electrical conductivity r plays an important role in
the energy absorption of the Si film during radiation anneal-
ing. The electrical conductivity r of a semiconductor can be
expressed as follows:11
r ¼ cT1:5qðle þ lhÞ exp 
Eg
2kBT
 
; (1)
where c is a constant, T is the temperature, q is the elementary
charge, and kB is the Boltzmann constant. The temperature-
dependence of electron and hole mobilities (le, lh) and energy
bandgap (Eg) can be modeled with the empirical relationships
12
le ¼ 92
T
300
 0:57
þ 1268 T
300
 2:33
; (2)
lh ¼ 54:3
T
300
 0:57
þ 406:9 T
300
 2:23
; (3)
Eg ¼ 1:17 4:73 10
4T2
T þ 636 : (4)
We estimated approximately the constant c¼ 6.87 1015
cm3K3/2 by least-squares fitting the conductivity r expres-
sion with experimental data for the variation of conductivity
with temperature for intrinsic c-Si given in the literature.13 We
then plotted directly the electrical conductivity r as a function
of temperature T. The log-plot is shown in Fig. 3(a).
In order to have the optimal power transfer from free
space to the conducting medium (in this case, the silicon
film), it requires that the impedances closely match with
each other. The magnitude of the impedance for a good con-
ducting medium is expressed by the following equation:14
jZj ¼
ffiffiffiffiffiffiffiffi
l0x
r
r
; (5)
where l0 is the magnetic permeability of free space
(¼4p 107 H/m) and x is the angular frequency. The value
of wave impedance in free space Z0 is 377X. According to
the literature,15 the static wave impedance of SiO2 was esti-
mated to be 190.85X. It is obvious that adding a SiO2 cap-
ping layer enhances coupling the electromagnetic fields into
the Si. To simplify things, however, we ignore the SiO2 cap-
ping layer in the following discussion, i.e., we consider only
direct interaction between the radiation and the Si layer.
Since we already know the relationship between the conduc-
tivity r and temperature T, the plot of Z/Z0 (¼ a) as a func-
tion of temperature at different frequencies can be readily
obtained, as shown in Fig. 3(b). At high temperatures
(>600K), we see that the values of a are much smaller at
FIG. 2. Microscopy images of ultrahigh-
crystalline-quality Si pillars formed by
millimeter-wave annealing of a-Si on
glass. (a) Low-magnification SEM image
of the sample after millimeter-wave
annealing (all SEM images shown here
were taken at a sample tilt angle of 52 for
a better 3D view). (b) High-magnification
SEM image taken from an uncovered pil-
lar region. (c) High-magnification SEM
image taken from a covered pillar region.
(d) Cross-sectional TEM image of a Si pil-
lar. The arrows and dashed lines indicate
the grain boundaries and R3 h111i twins,
respectively.
082109-2 Liu et al. Appl. Phys. Lett. 102, 082109 (2013)
 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
147.8.204.164 On: Fri, 01 Nov 2013 06:38:00
2.45GHz and 13.56MHz than at 110GHz, although the im-
pedance match is better at lower frequencies and tempera-
tures. In fact, in the limit of a 1 (i.e., Si becomes a so-
called good conductor now), the coefficient R of reflection
becomes, R  1 2 ffiffiffi2p a, by considering the continuity
across the interface.16 So most of the incident energy is
reflected and only a small fraction of energy is absorbed by
the Si film at low frequencies of 13.56 MHz and 2.45GHz
when the temperature is greater than 600K. In comparison,
the impedances better match for each other at 110GHz in
the high temperature range (>600K). Therefore, we see that
the power transfer is much higher at 110GHz than at
2.45GHz and 13.56MHz, which can be further confirmed
later in Fig. 4.
Another important parameter we need to consider is the
skin depth d (d¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi2=ðxlrÞp , where l the absolute magnetic
permeability (¼0.9999l0 for Si)).14 Similarly, because
we already knew the relationship between the conductivity
r and temperature T, the skin depth d as a function of
temperature at different frequencies can be readily plotted
(Fig. 3(c)), assuming other material properties are not them-
selves frequency-dependent. At 2.45GHz and 13.56MHz, the
skin depth is much greater than the Si film thickness (2lm)
in all temperature ranges shown here (3003000K). On the
other hand, the skin depth would be less than 1lm if the laser
or lamp-based anneals were applied, in particular at tempera-
tures above 600K. Ideally, the skin depth is expected to be
close to the Si film thickness, in particular when it is in the
high temperature range, which ensures that radiation absorp-
tion is mainly limited to Si. We can see that 110GHz
millimeter-wave is an ideal choice to anneal the whole Si film
of a few microns thick especially in the high temperature
range as far as the skin depth is concerned.
With the above knowledge at hand, we can now analyze
the total power absorption in the film with the expression,17
Pabs ¼ pa
2tSi
3
d4r
H20

1þ tSi
d
 4 
; (6)
where H0 is the magnitude of the magnetic field, tSi is the Si
film thickness (let tSi ¼ 2lm for this work), and pa2 (a ¼ ra-
dius) is the sample surface area irradiated. The normalized
power absorption as a function of conductivity is then plotted
in Fig. 4(a), and its corresponding plot as a function of tem-
perature is shown in Fig. 4(b). In comparison, included are
those plots at 110GHz, 2.45GHz, and 13.56MHz, respec-
tively. For all cases, we see that the power absorption
increases with temperature until reaching a peak value and
then decreases slightly. The peak position moves to a higher
conductivity/temperature value as the frequency decreases.
The power absorption is eventually the same for all cases at
a much higher temperature that is well above the boiling
point of SiO2 (2500K). However, we are more concerned
with the temperature in the range of 3002500K, i.e., the
FIG. 4. Power absorption vs. conductivity (or temperature). (a) Normalized
power absorption as a function of conductivity. (b) Normalized power
absorption as a function of temperature. In comparison, included are those
plots at 2.45GHz, 13.56MHz, and 110GHz, respectively.
FIG. 3. Different parameters vs. temperature. (a) Electrical conductivity as a
function of temperature. (b) Impedance as a function of temperature at
13.56MHz, 2.45GHz, and 110GHz, respectively (the a¼ 1 line is included
for easy comparison). (c) Skin depth as a function of temperature at
13.56MHz, 2.45GHz, and 110GHz, respectively.
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room temperature to the boiling point of SiO2. The power
absorption at 110GHz is a few orders higher than that at
2.45GHz and 13.56MHz in this temperature range, which
explains why we can directly apply 110GHz millimeter-
wave to melt crystallize intrinsic a-Si without using a sus-
ceptor or a resonant cavity to assist the radiation absorption
as in the cases of 2.45GHz and 13.56MHz.17,18
Because the optical constants of a-Si for 110GHz radia-
tion are not known, the exact percentage of the incident
power density absorbed by the Si film still is not well charac-
terized. However, we can estimate approximately the total
energy absorbed. As seen from Fig. 2, the capping SiO2 still
stayed on the top after annealing although it lost its integrity,
while the wetting SiO2 on glass remained its integrity. With
the knowledge at hand, we can reasonably assume that the
peak average temperature of the Si film is higher than the
melting point of SiO2 (1873–1998K), but unlikely to be
above its boiling point (2500K). Considering that typical
pulse lengths are 1–8.5 ms in duration, we can derive that
the heating rates are on the order of 106K/s, which corrobo-
rates well the simulated results by Thompson et al.7 The net
power absorbed by the Si film can be estimated approxi-
mately by using the equation
Pabs ¼ MCp @T
@t
; (7)
where M is the material mass (mass density q¼ 2.33 g/cm3
for Si), Cp is the specific heat (0.71 J/gK for Si), and t is the
time. We can get Pabs 330W/cm2 at a heating rate of
106K/s for a 2 lm-thick Si film. The value can at least be
doubled, i.e., Pabs 660W/cm2, after accounting for heat
losses from the Si film via conduction and radiation. The net
power-absorption magnitude is significant considering the
thickness of a few lm only and the very short pulse lengths.
In summary, we investigated the potential to melt
crystallize amorphous Si thin films on glass with electromag-
netic irradiation at three different frequencies (13.56MHz,
2.45GHz, and 110GHz). The interaction of radiation with
intrinsic Si was studied both experimentally and theoretically
in detail. Silicon pillars with large ultra-high crystalline qual-
ity grains were experimentally realized by millimeter-wave
annealing of amorphous silicon on glass. In addition, our
simulation results were consistent with the experimental
ones. We, therefore, showed that the melt crystallization of
high frequency millimeter-wave annealing could be an ideal
choice for achieving high-quality semiconductor thin films
with thickness in the micron range. Such understandings
may enable us to prepare high-quality semiconductor thin
films on inexpensive foreign substrates for high-performance
solar cells and other solid-state devices.
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